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THERAPY OPTIMIZATION IN HEART FAILURE PATIENTS BASED ON 
MINUTE VENTILATION PATTERNS 

Cross-Reference to Related Application^) 
This application claims the benefit of U.S. Provisional Application Serial 
Number 60/273,778, filed March 2, 2001, under 35 U.S.C. 1 19(e). 

Field of the Invention 
This invention pertains to apparatus and methods for cardiac rhythm 
management. In particular, the invention relates to improvements in providing rate- 
adaptive and/or ^synchronization pacing therapy to heart failure patients. 

Background 

Cardiac pacemakers are cardiac rhythm management devices that attempt to 
compensate for the heart's inability to pace itself adequately in order to meet metabolic 
demand, termed bradycardia pacing. A pacemaker is an implantable battery-powered 
electronic device that responds to sensed cardiac events and elapsed time intervals by 
changing its functional states so as to properly interpret sensed data and deliver pacing 
pulses to the heart at appropriate times. Additional sensing of physiological data 
allows some pacemakers to change the rate at which they pace the heart in accordance 
with some parameter correlated to metabolic demand. Such pacemakers are called 
rate-adaptive pacemakers. 

Heart failure is a clinical syndrome in which an abnormality of cardiac function 
causes cardiac output to fall below a level adequate to meet the metabolic demand of 
peripheral tissues and is usually referred to as congestive heart failure (CHF) due to 
the accompanying venous and pulmonary congestion. CHF can be due to a variety of 
etiologies with ischemic heart disease being the most common. Some CHF patients 
suffer from some degree of AV block or are chronotropically deficient such that their 
cardiac output can be improved with conventional bradycardia pacing. Such pacing, 
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however, may result in some degree of uncoordination in atrial and/or ventricular 
contractions due to the way in which pacing excitation is spread throughout the 
myocardium without use of the normal specialized conduction pathways. The 
resulting diminishment in cardiac output may be significant in a CHF patient whose 
cardiac output is already compromised. Intraventricular and/or interventricular 
conduction defects are also commonly found in CHF patients. In order to treat these 
problems, cardiac rhythm management devices have been developed which provide 
electrical pacing stimulation to one or more heart chambers in an attempt to improve 
the coordination of atrial and/or ventricular contractions, termed cardiac 
^synchronization therapy. 

Heart failure patients may be treated with pacemakers that provide rate- 
adaptive pacing and/or ^synchronization therapy. The present invention is concerned 
with improving the way in which such therapies are delivered to these patients. 

Summary of the Invention 
The present invention relates to a cardiac pacemaker in which the presence or 
absence of oscillatory minute ventilation patterns are detected and used to optimize 
pacing therapy in heart failure patients. It has been found that patients who are 
suffering from some degree of heart failure commonly exhibit an oscillatory minute 
ventilation pattern during rest and at exertion levels up to the anaerobic threshold. 
Accordingly, in one embodiment, minute ventilation values are measured as a patient's 
exertion level increases, with the resulting minute ventilation signal filtered to extract 
the oscillatory component. The oscillatory component is determined to be present if 
its amplitude is above a specified threshold value. If the oscillatory component falls 
below the specified threshold value as the patient's exertion level increases, the 
anaerobic threshold can be assumed to have been reached at that particular exertion 
level. In order to optimize the operation of a rate-adaptive pacemaker using a dual- 
slope rate response curve, the breakpoint of the curve is then set to the minute 
ventilation value at which the oscillatory minute ventilation pattern ceased. 
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In a rate-adaptive pacemaker using minute ventilation as a measure of exertion 
level, an oscillatory minute ventilation pattern may cause inappropriate adjustments to 
be made to the pacing rate. In another embodiment, therefore, a rate-adaptive 
pacemaker operating in a heart failure patient known to exhibit an oscillatory minute 
5 ventilation pattern is programmed to utilize another exertion level sensor to cross- 
check minute ventilation values before adjusting the pacing rate. For example, an 
activity level sensor such as an accelerometer can be used to provide a measure of the 
patient's activity level which is then compared with a minute ventilation reading. 
Only if the minute ventilation reading and the corresponding activity level 
10 measurement match within a specified range is the pacing rate adjusted. In this way, 
changes in minute ventilation due solely to the oscillatory component are ignored and 
jfsj not allowed to cause inappropriate adjustments to the pacing rate. 

:!!? It has also been found that the degree to which heart failure patients exhibit an 

M oscillatory minute ventilation pattern correlates with the degree to which their cardiac 

ffl 15 output is compromised. Measurement of oscillatory minute ventilation patterns can 

"* thus be used to monitor the effectiveness of a pacemaker configured to deliver cardiac 

O ^synchronization therapy, which therapy has been shown to be beneficial in raising 

Q the cardiac output of heart failure patients. In particular embodiments, measurement 

Li 

P of the oscillatory component of minute ventilation can either be used to automatically 

III 20 adjust ^synchronization pacing parameters or be reported to a clinician via an external 

programmer so that appropriate therapy modifications can be made. 

Brief Description of the Drawings 
Fig. 1 illustrates an oscillatory minute ventilation pattern. 
25 Figs. 2A and 2B depicts rate-response curves. 

Fig. 3 is a diagram of a rate-adaptive pacemaker. 

Fig. 4 is a flow diagram illustrating a particular implementation of the present 
method for adjusting the breakpoint of a dual-slope rate response curve. 
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Detailed Description 
Based upon cardiopulmonary exercise tests, it has been found that heart failure 
patients consistently exhibit an oscillatory minute ventilation pattern, with the period 
of the oscillations typically greater than one minute. It has also been found that the 
oscillatory pattern occurs at the onset of exercise but disappears once the patient 
reaches the anaerobic threshold. Fig. 1 illustrates an example of an oscillatory minute 
ventilation pattern in which minute ventilation MV is plotted against time T as a 
patient exercises with increasing intensity. As shown in the figure, the oscillations 
cease when the patient reaches an exertion level corresponding to the anaerobic 
threshold AT. Additionally, the magnitude of the oscillations decreases when 
effective therapy is instituted that increases cardiac output, such as ventricular 
^synchronization therapy. Although the cause of the oscillatory behavior is not 
known with certainty, it is supposed that neuro-hormonal mechanisms are involved. 
The present invention relates to a method and apparatus for utilizing detection of an 
oscillatory minute ventilation pattern in order to optimize rate-adaptive and/or 
^synchronization pacing in heart failure patients. 

1. Bradycardia pacing 

The most common condition for which pacemakers are used is the treatment of 
bradycardia. Permanent pacing for bradycardia is indicated in patients with 
symptomatic bradycardia of any type as long as it is likely to be permanent or recurrent 
and is not associated with a transient condition from which the patient may recover. 
Atrioventricular conduction defects (i.e., AV block) that are fixed or intermittent and 
sick sinus syndrome represent the most common indications for permanent pacing. 
Modern pacemakers are typically programmable so that they can operate in any mode 
which the physical configuration of the device will allow. Such modes define which 
heart chambers are paced, which chambers are sensed, and the response of the 
pacemaker to a sensed P wave or R wave (i.e., an atrial or ventricular sense, 
respectively). A three-letter code is used to designate a pacing mode where the first 
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letter refers to the paced chamber(s), the second letter refers to the sensed chamber(s), 
and the third letter refers to the response. 

Pacemakers can enforce a minimum heart rate either asynchronously or 
synchronously. In asynchronous pacing, the heart is paced at a fixed rate irrespective 
5 of intrinsic cardiac activity. There is thus a risk with asynchronous pacing that a 
pacing pulse will be delivered coincident with an intrinsic beat and during the heart's 
vulnerable period which may cause fibrillation. Most pacemakers for treating 
bradycardia today are therefore programmed to operate synchronously in a so-called 
demand mode where sensed cardiac events occurring within a defined interval either 
10 trigger or inhibit a pacing pulse. Inhibited demand pacing modes utilize escape 
intervals to control pacing in accordance with sensed intrinsic activity. In an inhibited 
demand mode, a pacing pulse is delivered to a heart chamber during a cardiac cycle 
only after expiration of a defined escape interval during which no intrinsic beat by the 
chamber is detected. If an intrinsic beat occurs during this interval, the heart is thus 
?fj 15 allowed to "escape" from pacing by the pacemaker. Such an escape interval can be 

defined for each paced chamber. For example, a ventricular escape interval can be 
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0 defined between ventricular events so as to be restarted with each ventricular sense or 

w 

O pace. The inverse of this escape interval is the minimum rate at which the pacemaker 

will allow the ventricles to beat, sometimes referred to as the lower rate limit (LRL). 

20 In atrial tracking pacemakers (i.e., VDD or DDD mode), another ventricular 

escape interval is defined between atrial and ventricular events, referred to as the atrio- 
ventricular interval (AVI). The atrio-ventricular interval is triggered by an atrial sense 
or pace and stopped by a ventricular sense or pace. A ventricular pace is delivered 
upon expiration of the atrio-ventricular interval if no ventricular sense occurs before. 

25 Atrial-tracking ventricular pacing attempts to maintain the atrio-ventricular synchrony 
occurring with physiological beats whereby atrial contractions augment diastolic 
filling of the ventricles. If a patient has a physiologically normal atrial rhythm, atrial- 
tracking pacing also allows the ventricular pacing rate to be responsive to the 
metabolic needs of the body. 
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A pacemaker can also be configured to pace the atria on an inhibited demand 
basis. An atrial escape interval is then defined as the maximum time interval in which 
an atrial sense must be detected after a ventricular sense or pace before an atrial pace 
will be delivered. When atrial inhibited demand pacing is combined with atrial- 
5 triggered ventricular demand pacing (i.e., DDD mode), the lower rate limit interval is 
then the sum of the atrial escape interval and the atrio-ventricular interval. 

2. Rate-adaptive pacing 

In chronotropically competent patients in need of ventricular pacing, atrial 
10 tracking modes such as DDD or VDD are desirable because they allow the pacing to 
track the physiologically normal atrial rhythm, which causes cardiac output to be 
responsive to the metabolic needs of the body. Atrial tracking modes are 

w contraindicated, however, in patients prone to atrial fibrillation or flutter or in whom a 

03 

Sj reliable atrial sense cannot be obtained. In the former case, the ventricles will be 

m 15 paced at too high a rate. Failing to sense an atrial P wave, on the other hand, results in 

pi 

■ M a loss of atrial tracking which can lead to negative hemodynamic effects because the 

Si 

O pacemaker then reverts to its minimum ventricular pacing rate. In pacemaker patients 

W 

Q who are chronotropically incompetent (e.g., sinus node dysfunction) or in whom atrial- 

triggered modes such as DDD and VDD are contraindicated, the heart rate is 

fU 20 determined solely by the pacemaker in the absence of intrinsic cardiac activity. That 

heart rate is the lower rate limit or LRL. 

Pacing the heart at a fixed rate as determined by the LRL setting of the 
pacemaker, however, does not allow the heart rate to increase with increased metabolic 
demand. Cardiac output is determined by two factors, the stroke volume and heart 
25 rate, with the latter being the primary determinant. Although stroke volume can be 
increased during exercise, the resulting increase in cardiac output is usually not 
sufficient to meet the body's metabolic needs unless the heart rate is also increased. If 
the heart is paced at a constant rate, as for example by a VVI pacemaker, severe 
limitations are imposed upon the patient with respect to lifestyle and activities. It is to 
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overcome these limitations and improve the quality of life of such patients that rate- 
adaptive pacemakers have been developed. Rate-adaptive pacemakers operate so as to 
vary the lowest rate at which the heart is allowed to beat in accordance with one or 
more physiological parameters related to metabolic demand. 

The body's normal regulatory mechanisms act so as to increase cardiac output 
when the metabolic rate is increased due to an increased exertion level in order to 
transport more oxygen and remove more waste products. One way to control the rate 
of a pacemaker, therefore, is to measure the metabolic rate of the body and vary the 
pacing rate in accordance with the measurement. Metabolic rate can effectively be 
directly measured by, for example, sensing blood pH or blood oxygen saturation. 
Practical problems with implementing pacemakers controlled by such direct 
measurements, however, have led to the development of pacemakers that are rate- 
controlled in accordance with physiological variables that are indirectly reflective of 
the body's metabolic rate such as body temperature, ventilation rate, or minute 
ventilation. Minute ventilation varies almost linearly with aerobic oxygen 
consumption during exercise up to the anaerobic threshold and is the physiological 
variable that is most commonly used in rate-adaptive pacemakers to reflect the 
exertion level of the patient. 

An even more indirect indication of metabolic rate is provided by the 
measurement of body activity or motion. Body activity is correlated with metabolic 
demand because such activity requires energy expenditure and hence oxygen 
consumption. An activity-sensing pacemaker uses a piezoelectric sensor or 
accelerometer inside the pacemaker case that responds to vibrations or accelerations by 
producing electrical signals proportional to the patient's level of physical activity. 

In such rate-adaptive pacemakers that vary the pacing rate in accordance with a 
measured exertion level, the control system is generally implemented as an open-loop 
controller that maps a particular exertion level to one particular target heart rate, 
termed the sensor-indicated rate. The mapping is accomplished by a rate-response 
curve which is typically a linear function (i.e., a straight line), but could also be some 
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non-linear function as well such as a dual-slope curve or exponential curve. The rate- 
response curve is then defined with minimum and maximum target heart rates. A 
minimum target heart rate for a patient can be ascertained clinically as a heart rate 
adequate to sustain the patient at rest, while a maximum allowable target heart rate is 
defined with a formula that depends on the patient's age. The rate-response curve then 
maps a resting exertion level to the minimum heart rate and maps the maximum 
exertion level attainable by the patient, termed the maximum exercise capacity, to the 
maximum allowable heart rate. The responsiveness of the control system, defined as 
how the target heart rate changes with a given change in exertion level, depends upon 
the slope of the rate-response curve (or slopes in the case of a dual-slope curve) which 
is dictated by the defined maximum exercise capacity. An under-responsive 
pacemaker will unnecessarily limit exercise duration and intensity in the patient 
because the heart rate will not increase enough to match metabolic demand, while an 
over-responsive pacemaker can lead to palpitations and patient discomfort. 

The responsiveness of a rate-adaptive pacemaker is controlled in accordance 
with a rate-response curve RRC such as shown in Fig. 2A. Other embodiments may 
use a dual-slope curve or a non-linear curve as described below. A change in exertion 
level as determined from a minute ventilation measurement causes a proportional 
change in the target heart rate in accordance with the slope of the curve, termed the 
response factor RF. The target heart rate is then used as a lower rate limit by the 
pacemaker to pace the heart in accordance with a programmed pacing mode. As 
shown in the figure, the rate response curve maps a resting exertion level REL to a 
minimum target rate MinHR which corresponds to the minimum LRL that is to be 
used by the pacemaker. The maximum target rate MaxHR is the maximum rate at 
which the pacemaker is allowed to pace the heart and is mapped to by the rate 
response curve from the maximum exertion level the patient is expected to be able to 
reach, referred to as the maximum exercise capacity MEC. In the single-slope rate 
response curve shown in Fig. 2, the response factor RF may then be defined as: 
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RF = (MaxHR - MinHR) / (MEC - REL) 

The responsiveness of the pacemaker can also be controlled in accordance with 
a dual-slope rate response curve such as shown in Fig. 2B. A change in exertion level 
EXL (as determined from either minute ventilation or body activity) causes a change 
in the sensor indicated rate that is proportional to the slope of the response curve. The 
slope of the rate response curve is designated the initial response factor RF below the 
heart rate breakpoint HRB, and designated the high rate response factor HRRF above 
HRB. The heart rate breakpoint HRB ideally should be set to correspond to an 
exertion level equal to the anaerobic threshold AT of the patient. The anaerobic 
threshold is the level of exertion above which the concentration of lactic acid produced 
by anaerobic metabolism starts to build up rapidly in the blood. It thus represents an 
exertion level at which the body starts to utilize oxygen less efficiently and, along with 
maximal oxygen consumption, is a useful index of current physical conditioning. The 
responsiveness of the pacemaker below the anaerobic threshold as defined by RF 
should be greater than that above the threshold as defined by HRRF so that overpacing 
above the anaerobic threshold can be avoided. 

3. Resynchronization Therapy 

Cardiac resynchronization therapy is pacing stimulation applied to one or more 
heart chambers in a manner that restores or maintains synchronized contractions of the 
atria and/or ventricles and thereby improves pumping efficiency. Certain patients with 
conduction abnormalities may experience improved cardiac synchronization with 
conventional single-chamber or dual-chamber pacing as described above. For 
example, a patient with left bundle branch block may have a more coordinated 
contraction of the ventricles with a pace than as a result of an intrinsic contraction. 
Resynchronization pacing, however, may also involve delivering paces to multiple 
sites of a heart chamber or pacing both ventricles and/or both atria in accordance with 
a resynchronization pacing mode as described below. Ventricular resynchronization 
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pacing is useful in treating heart failure because, although not directly ionotropic, 
^synchronization results in a more coordinated contraction of the ventricles with 
improved pumping efficiency and increased cardiac output. Resynchronization pacing 
of the atria may also be beneficial in certain heart failure patients, particularly for 

5 preventing the onset of atrial arrhythmias. 

One way to deliver resynchronization therapy is to pace a site with a 
synchronous bradycardia pacing mode and then deliver one or more resynchronization 
paces to one or more additional pacing sites in a defined time relation to one or more 
selected sensing and pacing events that either reset escape intervals or trigger paces in 

10 the bradycardia pacing mode. One such resynchronization pacing mode may be 
termed offset resynchronization pacing. In this mode, a first site is paced with a 
bradycardia mode, and a second site receives a resynchronization pace at an offset 
interval with respect to the pace delivered to the first site. The offset interval may be 
zero in order to pace both sites simultaneously, positive in order to pace the first site 

15 after the second, or negative to pace the first site before the second. For example, in 
biventricular resynchronization pacing, one ventricle is paced with a bradycardia mode 
while the contralateral ventricle receives resynchronization paces at the specified 
biventricular offset interval. The offset interval would normally be individually 
specified to optimize cardiac output in a particular patient. Ventricular 

20 resynchronization can also be achieved in certain patients by pacing at a single 
unconventional site, such as the left ventricle instead of the right ventricle. In such a 
mode, right ventricular senses may be used to trigger left ventricular paces or used to 
define an escape interval that upon expiration causes delivery of a left ventricular pace. 
In a particular implementation of cardiac resynchronization therapy, one atrium 

25 and/or one ventricle are designated as rate chambers, and paces are delivered to the 
rate chambers based upon pacing and sensed intrinsic activity in the chamber in 
accordance with the bradycardia pacing mode. In a single-chamber bradycardia pacing 
mode, for example, one of the paired atria or one of the ventricles is designated as the 
rate chamber. In a dual-chamber bradycardia pacing mode, either the right or left 
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atrium is selected as the atrial rate chamber and either the right or left ventricle is 
selected as the ventricular rate chamber. The heart rate and the escape intervals for the 
pacing mode are defined by intervals between sensed and paced events in the rate 
chambers only. Resynchronization therapy may then be implemented by adding 
synchronized pacing to the bradycardia pacing mode where paces are delivered to one 
or more synchronized pacing sites in a defined time relation to one or more selected 
sensing and pacing events that either reset escape intervals or trigger paces in the 
bradycardia pacing mode. In bilateral synchronized pacing, which may be either 
biatrial or biventricular synchronized pacing, the heart chamber contralateral to the 
rate chamber is designated as a synchronized chamber. For example, the right 
ventricle may be designated as the rate ventricle and the left ventricle designated as the 
synchronized ventricle, and the paired atria may be similarly designated. Each 
synchronized chamber is then paced in a timed relation to a pace or sense occurring in 
the contralateral rate chamber. 

4. Hardware platform 

Pacemakers are typically implanted subcutaneously or submuscularly in a 
patient's chest and have leads threaded intravenously into the heart to connect the 
device to electrodes used for sensing and pacing. (As used herein, the term pacemaker 
should be taken to mean any cardiac rhythm management device with a pacing 
functionality including an implantable cardioverter/defibrillator that includes a 
pacemaker.) Leads may also be positioned on the epicardium by various means. A 
programmable electronic controller causes the pacing pulses to be output in response 
to lapsed time intervals and sensed electrical activity (i.e., intrinsic heart beats not as a 
result of a pacing pulse). Pacemakers sense intrinsic cardiac electrical activity by 
means of internal electrodes disposed near the chamber to be sensed. A depolarization 
wave associated with an intrinsic contraction of the atria or ventricles that is detected 
by the pacemaker is referred to as an atrial sense or ventricular sense, respectively. In 
order to cause such a contraction in the absence of an intrinsic beat, a pacing pulse 
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(either an atrial pace or a ventricular pace) with energy above a certain pacing 
threshold is delivered to the chamber. 

A particular implementation of a rate-adaptive pacemaker that may also be 
configured to deliver ventricular ^synchronization therapy is shown in Fig. 1. A 
microprocessor 10 serves as the device controller and communicates with a memory 
12 via a bidirectional data bus 13. The memory 12 typically comprises a ROM or 
RAM for program storage and a RAM for data storage. The controller senses cardiac 
events through a sensing channel and outputs pacing pulses to the heart via a pacing 
channel in accordance with a programmed pacing mode. Sensing and/or pacing 
channels include the leads made up of electrodes on a catheter or wire that connect the 
pacemaker to the heart. In this embodiment, the pacemaker has atrial sensing and 
pacing channels comprising electrode 34, lead 33, sensing amplifier 31, pulse 
generator 32, and an atrial channel interface 30 which communicates bidirectionally 
with a port of microprocessor 10. The device also has sensing and pacing channels for 
each ventricle comprising electrodes 24a-b, leads, sensing amplifiers 21a-b, pulse 
generators 22a-b, and ventricular channel interfaces 20a-b, where "a" and "b" refer to 
components associated with the left or right ventricle, respectively. For each channel, 
the same lead and electrode are used for both sensing and pacing. The channel 
interfaces 20 and 30 may include analog-to-digital converters for digitizing sensing 
signal inputs from the sensing amplifiers and registers which can be written to by the 
microprocessor in order to output pacing pulses, change the pacing pulse amplitude, 
and adjust the gain and threshold values for the sensing amplifiers. A telemetry 
interface 40 is also provided for communicating with an external programmer. 

The controller 10 controls the overall operation of the device in accordance 
with programmed instructions stored in memory, including controlling the delivery of 
paces via the pacing channels, interpreting sense signals received from the sensing 
channels, and implementing timers for defining escape intervals and sensory refractory 
periods. The sensing circuitry of the pacemaker detects a chamber sense, either an 
atrial sense or ventricular sense, when a sense signal (i.e., a voltage sensed by an 
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electrode representing cardiac electrical activity, sometimes called an electrogram 
signal) generated by a particular channel exceeds a specified intrinsic detection 
threshold. Pacing algorithms used in particular pacing modes employ such senses to 
trigger or inhibit pacing. A minute ventilation sensor MVS and an accelerometer AC 
are employed to sense the minute ventilation and body activity, respectively. The 
pacemaker uses the sensed minute ventilation and/or the accelerometer signal to adjust 
the rate at which the pacemaker paces the heart in the absence of a faster intrinsic 
rhythm. The microprocessor 10 executes programmed instructions that implement 
various pacing and rate-adaptive algorithms in accordance with parameters that define 
the pacing mode and pacing configuration, the latter referring to which of the available 
channels are to be used for sensing and/or pacing. The microprocessor is also 
programmed to implement the method for adjusting these parameters in accordance 
with measurements of the minute ventilation oscillations as described below. 

5. Optimization of rate-adaptive pacing 

One embodiment of the present invention involves the automatic setting of the 
rate-response curve breakpoint at the anaerobic threshold as determined by the point at 
which an oscillatory minute ventilation pattern disappears when a patient exercises 
with increasing intensity. Fig. 4 illustrates an exemplary implementation of the 
method. At step Al, the minute ventilation signal MV is input to a bandpass filter that 
extracts the frequency components of the signal that are between approximately .01 
and .05 Hz. This corresponds to the frequency of oscillations in minute ventilation 
that have been found to occur in heart failure patients. At step A2, the mean amplitude 
of the extracted frequency components are calculated, and this value is compared to a 
specified threshold value at step A3. If the amplitude of the oscillations is below the 
threshold, the slope of the rate-response curve is programmed at step A4 to a value 
corresponding to what is appropriate when the patient is exercising above the 
anaerobic threshold. If the amplitude of the oscillations is above the threshold, the 
slope of the rate-response curve is set to a value appropriate for exercise below the 
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anaerobic threshold at step A5. The sensor-indicated rate is calculated by processing 
the MV signal at step A8, setting the slope of the rate-response curve at step A6 in 
accordance with the results of either step A5 or step A4, and mapping of the minute 
ventilation to a sensor-indicated rate at step A7. 

In another embodiment of the invention, an activity level measurement taken 
with a motion or pressure sensor such as an accelerometer is associated with a 
simultaneously taken minute ventilation measurement. The minute ventilation 
measurement is then cross-checked with the associated activity level measurement to 
ascertain if the minute ventilation measurement if reflective of the patient's true 
exertion level or is a result of the patient's oscillatory minute ventilation pattern. A 
mapping based upon either population data or an assessment of the individual patient 
may be used that relates a particular activity level to a particular percentage of the 
patient's minute ventilation reserve. The minute ventilation reserve is defined as the 
difference between the patient's maximum minute ventilation level and the minute 
ventilation level corresponding to rest. For example, a linear mapping may be used 
with a no-activity measurement value mapped to 0 percent of the reserve (i.e., the 
resting exertion level), a maximum activity measurement value mapped to 100 percent 
of the reserve (i.e., the maximum exercise capacity), and linearly interpolated values 
therebetween. Such a mapping thus allows a direct comparison between a minute 
ventilation measurement and a corresponding activity level measurement. 
Alternatively, ranges of minute ventilation values may be associated with particular 
ranges of activity levels to allow cross-checking of minute ventilation measurements, 

6. Evaluation and adjustment of resynchonization therapy 

As aforesaid, it has been found that effective ^synchronization therapy reduces 
the magnitude of the oscillatory minute ventilation pattern in heart failure patients. 
Accordingly, another embodiment of the invention involves the monitoring of minute 
ventilation oscillations so that the effectiveness of ^synchronization pacing can be 
evaluated. Such information can be used by a clinician to then adjust various 
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resynchronization pacing parameters. Alternatively, such parameters can be adjusted 
automatically by the device controller based upon which resynchronization pacing 
modes result in the greatest decrease in oscillatory minute ventilation. Such 
parameters may include, for example, the pacing configuration (i.e., which of the 
available pacing channels are used for pacing), the AV interval in atrial tracking and/or 
atrio-ventricular sequential pacing modes, the biventricular offset interval in 
biventricular pacing modes, as well as rate-adaptive pacing parameters as described 
above. 

Although the invention has been described in conjunction with the foregoing 
specific embodiment, many alternatives, variations, and modifications will be apparent 
to those of ordinary skill in the art. Such alternatives, variations, and modifications are 
intended to fall within the scope of the following appended claims. 
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